Marine snow aggregates are often a dominant component of carbon flux and are sites of high bacterial activity; thus, small-scale changes in the settling behavior of marine snow can affect the vertical locations of carbon export and remineralization in the surface ocean. In this study, we experimentally investigated the sinking velocities of marine snow aggregates formed in roller tanks as they settled through sharp density gradients. We observed between 8 and 10 aggregates in 3 different experiments, each of which displayed delayed settling behavior -that is, a settling velocity minimum -as they crossed the density transitions. Characteristics of delayed settling behavior were also compared to density stratification and aggregate density and size; aggregate settling velocity decreased more, and for longer periods of time, when density gradients were sharper and when aggregates were less dense. The observed relationships between non-dimensional parameters and aggregate settling allow for direct application of our results to the field, providing insight into the conditions under which strong delayed settling behavior is likely to occur. Activities of extracellular enzymes (the initial step in microbial remineralization of organic matter) were more than an order of magnitude higher in the aggregates compared to the surrounding water from which the aggregates were derived. Coupling measured enzyme activities with observations of delayed settling behavior demonstrates that the extent as well as the vertical location of enzyme activity is strongly affected by aggregate settling behavior: total enzyme activity within the region of the density transition increased by a factor of 18 with increasing stratification. This study, which combines direct measurements of small-scale aggregate settling and microbial enzyme activity, offers an opportunity to determine the potential implications of delayed settling behavior for local and larger-scale carbon cycling in the ocean.
Introduction
Marine snow plays an important role in the carbon cycle, as a primary component of carbon export from the surface ocean (Alldredge and Silver, 1988; Kiørboe, 2001) , and as sites of high bacterial activity and carbon remineralization (Smith et al., 1992; Grossart et al., 2007; Ziervogel and Arnosti, 2008; Ziervogel et al., 2010 ). An understanding of marine snow settling behavior is thus essential to determining controls on the efficiency of the biological pump, that is, the balance between carbon flux and remineralization in various parts of the world's oceans (De La Rocha and Passow, 2007) .
Much of the research on the role of marine snow aggregates in carbon export considers average sinking rates or flux over the length of the water column (Turner, 2002; Guidi et al., 2009) . In many cases, however, aggregate settling rates may change dramatically on much smaller scales (McDonnell and Buesseler, 2010) . In particular, aggregates may decrease settling velocity when passing through sharp density gradients (Derenbach et al., 1979; Alldredge and Crocker, 1995; MacIntyre et al., 1995; Alldredge et al., 2002; Kindler et al., 2010) . This behavior has been proposed as a possible mechanism for the formation of aggregate thin layers at density discontinuities. This delayed settling behavior across sharp density gradients can occur by two mechanisms. First, aggregates can entrain lighter fluid downward as they enter the denser fluid, thus temporarily decreasing the aggregate's settling velocity. This entrainment mechanism has been studied both experimentally and theoretically for solid spheres (Srdić-Mitrović et al., 1999; Abaid et al., 2004; Camassa et al., 2009 Camassa et al., , 2010 . In addition, since marine snow is extremely porous, its density can change depending on the density of the surrounding fluid. Thus, at times aggregates may be initially too light to settle through a density discontinuity, but after denser fluid has diffused into the aggregate, it can continue to sink. This mechanism of delayed settling has been termed diffusion-limited retention, and has been studied theoretically and experimentally for porous spheres (Kindler et al., 2010; Camassa et al., 2013) . In a recent study, both entrainment and diffusion-limited retention have been observed in the laboratory to cause delayed settling in marine aggregates . Prairie et al. (2013) found that every aggregate in their study displayed a settling velocity minimum when passing through the sharp density transition, demonstrating that delayed settling behavior is relevant to natural marine aggregates, at least in a laboratory setting.
To determine the manner in which the strength of the density gradient and aggregate properties may mediate delayed settling behavior, we conducted a series of experiments with marine snow aggregates formed in roller tanks from coastal seawater. These aggregates were observed as they settled through stratified water columns to investigate the manner in which settling behavior was affected by changes in the strength of the density gradient, aggregate density, and aggregate size. Concurrently, we measured rates of microbial enzyme activities on the aggregates and in the surrounding seawater from which they were derived. The activities of extracellular enzymes initiate microbial remineralization of organic matter (Arnosti, 2011) . By coupling aggregate settling behavior with rates of enzymatic hydrolysis, we investigated the consequences of the observed delayed settling behavior for the locations and extent of organic matter remineralization in the water column.
Methods
In three sets of experiments, marine snow aggregates of various sizes and densities were formed in roller table incubations of coastal seawater (Table 1) . Each aggregate was individually tracked as it settled in three stratified tanks with progressively sharper density gradients. Delayed settling behavior was related to changes in density gradient strength, aggregate density, and aggregate size. We also explored the consequences of changes in aggregate settling behavior for microbial activity in the water column through concurrent measurements of microbial enzyme activity in the aggregates and in the surrounding seawater following aggregate formation.
Formation of aggregates
Seawater was collected from Bogue Sound, North Carolina (NC) for Experiments 1 and 2 and from the Outer Banks, NC for Experiment 3 (Table 1) , and was stored at 4°C in the dark until use (no longer than 15 days after collection). Aggregates were formed by filling seawater into acrylic cylindrical tanks (total volume~5 L) that were incubated on a roller table, an approach that is widely used to study marine snow in the lab (Shanks and Edmondson, 1989; Jackson, 1994; Ziervogel and Forster, 2005; Ploug et al., 2008; Ziervogel and Arnosti, 2008; Ziervogel et al., 2010) . The tanks were incubated for ca. 48 h at a rotation speed of approximately 2.5 rpm at room temperature (~21°C) in both light and darkness. After this initial period, 300 to 700 mL of a mixed culture of senescent diatoms (containing aliquots of Fragilariopsis sp., Thalassiosira sp., Pseudo-nitzschia sp., Chaetoceros sp., Cylindrotheca sp., Skeletonema sp., Phaeodactylum sp.) were added to the tanks; subsequently the tanks were incubated on the roller table for an additional day under the same conditions as described above. The addition of diatom culture and time of incubation was chosen to form aggregates that were sufficiently robust for the settling experiments (see below). At the end of the incubation, roller tanks were placed on their sides on the bench and single aggregates that settled to the bottom of the tank were individually removed from the tank water using volumetric pipettes with cut-off tips. For each experiment, 15-20 aggregates were collected to observe settling behavior individually in the stratified tanks. An additional 30-45 aggregates were collected to measure porosity of the aggregate batch (see Section 2.6); 18-45 aggregates were also collected for enzyme activity measurements (see Section 2.7). Note that after seawater was collected, the microbial community was likely to change substantially during storage prior to aggregate formation; thus, the enzyme activity measurements are not intended to reflect those of the in situ community.
Measuring aggregate size
All aggregates collected (for the stratified settling tanks, for porosity measurements, and for enzyme activity measurements) were sized by microscopy. Individual aggregates were placed on top of a millimeter square grid in a petri dish containing water from the tank in which they were formed. Aggregates were then photographed with a digital microscope (Model 26700-300, Aven Inc.), producing images of the two-dimensional projection of the aggregate (Fig. 1 ). Images were processed using MATLAB to determine the cross-sectional area, which was used to calculate the equivalent spherical diameter (ESD) for each aggregate, i.e. the cross sectional area was assumed to represent that of a sphere with an equivalent cross-sectional area. Since the aggregates are irregularly shaped and are most likely to lie such that their largest cross-section is the area imaged, the estimates of equivalent spherical diameter for each aggregate are approximate and likely overestimated.
Calculating aggregate densities
Aggregate densities were calculated for each of the aggregates to be observed for settling behavior in the stratified tanks. The settling velocities of these aggregates were first measured in water of homogenous density approximately equal to that of the source water in which they were formed (see Table 1 ). After measuring their sizes as described above, individual aggregates were gently transferred by pipette with a cut-off tip to a rectangular tank with a base of 18 × 18 cm and a height of 32 cm. The path of the aggregate as it settled in the tank was recorded using a Pike F-100B camera (Allied Vision Technologies, Germany) recording at a rate between 12 and 25 frames s −1 (the rate remained constant within an experiment). Sinking velocity was calculated from the vertical displacement (captured at the recording rate of the camera) and then an average sinking velocity (U) was calculated over at least 3 continuous seconds. This was used to estimate aggregate density (ρ a ) using the following equation (Batchelor, 1967; Ploug et al., 2008) :
where g is the acceleration due to gravity, ρ f is the density of the fluid, C D is the drag coefficient, and d is the equivalent spherical Table 1 Description of the three aggregate settling experiments, showing the density (ρ) of the source water used to form the aggregates, the density of the top layer, the density of the bottom layer in each of the three tanks, the average porosity (P) of the aggregates, and the number of aggregates observed in the each of the experiments (in all three tanks). For each density value, the salinity in (psu) is given in parentheses.
Exp. number
Source water ρ (g cm diameter as measured from the microscope images. The drag coefficient was calculated using the following empirical drag law (White, 1974) :
for Re N 0.5 where Re is the Reynolds number calculated as:
where ν is the kinematic viscosity of water (1.05 × 10 − 2 cm 2 s − 1 at 20°C). Since the above equations assume spherical particles, the calculated density is approximate for each aggregate. Since aggregates are porous, their densities also depend on the fluid in which they are measured; the aggregate densities reported here are estimated in the water used for the top layer of the stratified experiments, approximately equal to the density of the ambient water in which they were originally formed (see Table 1 ). Equivalent spherical diameter and density for each of the aggregates observed in all three stratified tanks for each experiment are shown in Table 2 .
Two-layer aggregate settling experiments
After aggregate densities were calculated, the aggregates were observed as they settled through three 2-layer water columns with increasingly sharp density transitions in the middle (referred to as Tank 1, Tank 2, and Tank 3). The three identical tanks used in these experiments had a square base (20 cm × 20 cm) and a height of 60 cm (Fig. 2) . Prior to the experiments, the tanks were filled to a height of approximately 30 cm with artificial salt water (hereafter referred to as bottom layer fluid) that was denser than the water in which the aggregates were formed; the density of the bottom layer fluid increased from Tank 1 to Tank 3 (Table 1 ). All water densities were measured using a DMA 35 Portable Density Meter (Anton Paar, Austria). After the bottom layer fluid was still, water with density approximately equal to that of the water in which the aggregates were formed -defined as the top layer fluid -was carefully poured on top of the bottom layer fluid through a diffuser initially soaked with top layer fluid. The diffuser floats at the surface of the water column; it is~2 cm thick and is constructed of foam and sponge to slow down the flow of top layer fluid as it is introduced into the tank in order to create a sharp density transition between the top layer and bottom layer fluid (Abaid et al., 2004; Camassa et al., 2009) . The same top layer fluid was used for all three tanks in each experiment, such that the density gradient became sharper from Tank 1 to Tank 3 (Fig. 2) . Aggregates were gently transferred individually by pipette into Tank 1 to observe their settling behavior. After settling through the density gradient, each aggregate landed in a square grid container that was placed at the bottom of Tank 1 and Tank 2 before top layer fluid was added. These square grid containers consisted of 1 cm × 1 cm square holes arranged in a 7 by 13 square grid. This container allowed for collection and retrieval of each individual aggregate, so that the settling behavior of the same aggregates could be observed in the subsequent tanks. The location of each aggregate in the square grid was recorded to allow for settling behavior to be compared for an individual aggregate among all three tanks. Aggregates that visibly broke into pieces, landed outside the container, or landed inside a hole with another aggregate were discarded and their settling behavior was not analyzed. After all aggregates were observed in Tank 1, a lid was placed on top of the grid container and it was carefully removed from the tank. Each of the aggregates was placed in an individual vial to soak in top layer fluid for at least 45 min before being observed in Tank 2. Aggregates were observed and retrieved in Tank 2 in the same way, and again soaked in top layer fluid for at least 45 min before being observed in Tank 3. Only aggregates that were successfully observed in all three tanks were analyzed (between 8 and 10 per experiment; see Table 1 ).
The soaking time of aggregates in top layer fluid between each tank was chosen to be theoretically long enough for the settling behavior of the aggregate in the top layer of each tank to be equivalent. However, boundary layer effects in some of the aggregates may have resulted in some excess salt being retained before each new tank run, thus affecting settling behavior.
For all three tanks, aggregate settling behavior was recorded using the Pike camera, recording at a frame rate that was constant within runs, but varied between 12 and 32 frames s − 1 among runs.
Recordings were conducted with the room dark and the tank lit from the sides, using light-emitting diode (LED) strips attached to two panels that spanned the height and width of the tank. Although the LED panels introduced some heat laterally into the tank, previous experiments indicate that the rise in temperature is slight (b1°C over the course of an experiment) and any convective motion was negligible in comparison to aggregate settling velocities . The square field of view of the images had dimensions which ranged among experiments between~30.5 cm × 30.5 cm and 32 cm × 32 cm. The top of the field of view was positioned 21-24 cm below the surface (varied between experiments, but kept constant for each tank). The size of the field of view was chosen to maximize the vertical distance that the aggregate could be tracked while retaining adequate resolution of the aggregate.
The density gradient was measured in each tank by profiling with a conductivity and temperature probe (MSCTI Model 125, Precision Measurement Engineering, Inc., USA) after all the aggregates were observed in that tank, but before the grid container was removed. Measurements were taken vertically every~1-3 cm using a mmprecision linear slide (Velmex Inc., USA) to which the conductivity and temperature probe was attached. Density was calculated from conductivity and temperature using the Gibbs-SeaWater Oceanographic Toolbox (McDougall and Barker, 2011) , and then linearly corrected to match the top and bottom layer measured densities. The density and depth data for each tank were then fitted to a hyperbolic tangent function of the form:
where ρ is density, z is depth, ρ TL and ρ BL are the density of the top layer and bottom layer fluid respectively, and the parameters z 0 (mid-depth) and z th (density transition thickness) were adjusted to result in the best fit to the data. Density profiles from all tanks resulted in a fit with r 2 N 0.99.
Buoyancy frequency, N, was calculated from this hyperbolic tangent fit density profile using:
where g is the acceleration due to gravity (Table 3) .
Settling behavior analysis
All images from the Pike camera were processed in MATLAB to determine the location of the aggregate (defined as the location of its centroid) over time. Position data was linearly corrected from pixels to cms using the measured dimensions of the field of view of the camera. The settling velocity was calculated by dividing the aggregate's vertical displacement between sequential images by the time between images; the settling velocity was then smoothed using a moving average over approximately a 1 s span.
Two metrics were calculated to determine the extent to which the aggregate's settling velocity decreased within the density transition, as described in Prairie et al. (2013) . The normalized minimum settling velocity (NMSV) was calculated as the minimum value of the smoothed settling velocity (MSV) divided by the settling velocity in the bottom layer. The settling velocity in the bottom layer was calculated by averaging the smoothed settling velocity in the very last part of the settling velocity time record (for a period of at least 1.5 s), representing the point at which the aggregate had reached its terminal velocity after passing through the density transition. The delayed settling time (DST) was calculated as the length of time that the aggregate's smoothed settling velocity was less than 90% of the settling velocity in the bottom layer. This definition for delayed settling time was chosen because it quantified the time of delayed settling of the aggregate independent of its settling velocity; the threshold of 90% was chosen to obtain a positive time scale even for aggregates that decreased their velocity only slightly, while limiting the effect of noise. This metric was then nondimensionalized, defining the delayed settling time scale (DSTS) as:
where u TL is the settling velocity of the aggregate in the top layer and z th is the density transition thickness as obtained from Eq. (4). By normalizing in this way, DST is effectively being divided by the length of time the aggregate would take to settle through the same distance if no density gradient were present. Thus, since DST measures the length of time the aggregate slowed down, DSTS represents the enhancement of settling time due to delayed settling (such that a DSTS value of 1 represents a doubling in total settling time when compared to no delayed settling behavior). NMSV and DSTS were calculated individually for each aggregate and each tank and compared to density gradient and aggregate properties. Table 3 Density profile properties for each tank and experiment are given, including the fit parameters mid-depth, z 0 (cm below surface), and density transition thickness, z th (cm), in addition to the maximum buoyancy frequency, N (s −1 ), as calculated from the density profiles. For comparison with delayed settling behavior, aggregate density and aggregate size were also non-dimensionalized. Normalized excess aggregate density, Δρ, was defined as
Note that a value of normalized excess aggregate density less than 1 implies that the initial aggregate density in the top layer fluid (ρ a ) is less than the density of the bottom layer fluid (ρ BL ). Normalized aggregate size, ESD, was calculated from the measured equivalent spherical diameter (ESD) of each aggregate as:
Measuring aggregate porosity
For each experiment, the dry mass of three sets of 10 or 15 aggregates each was measured by filtering onto pre-weighed and precombusted GF/F filters under low vacuum. For each set of aggregates, the collective dry mass (W) and volume (V) (obtained by summing the individual aggregate volumes approximated from the microscope images) were used to calculate the solid matter density (ρ s ) using the equation given in Ploug et al. (2008) :
where the mean aggregate density was used for ρ a and the density of the top layer fluid was used for ρ f . Porosity (P) was then calculated using:
The porosity for each set of aggregates measured was then averaged and is shown for each experiment in Table 1 .
Measurements of microbial enzymatic activity
For each of the three experiments, microbial extracellular enzymatic activities were measured in aggregates (AGG) and surrounding tank water in which the aggregates were formed (SW) according to Hoppe (1983) . We used L-leucine-4-methylcoumarinyl-7-amide (MCA) hydrochloride, MUF-β-D-glucopyranoside, and MUF-α-D-glucopyranoside (all substrates from Sigma-Aldrich) as substrate proxies to measure leucineaminopeptidase (hereafter referred to as peptidase), β-glucosidase, and α-glucosidase activities, respectively. After measuring aggregate sizes (see Section 2.2), individual aggregates were incubated in disposable acrylic cuvettes that had autoclaved seawater and substrate proxies at enzyme-saturating levels (400 μM final substrate concentration). Experiments 1 and 3 had 5 aggregates in triplicate cuvettes; enzyme activities in Experiment 2 were measured in duplicate vials with n = 3 aggregates. The same numbers of cuvettes were prepared with SW that had no visible aggregates. Incubations were conducted at room temperature in the dark. Changes in fluorescence over time were monitored 3 times over an incubation time of 3-4 h using a Turner Biosystems TBS-380 fluorometer, with excitation/emission channels set to "UV" (365 nm excitation, 440-470 nm emission). Control incubations were made with autoclaved seawater; these incubations showed no significant changes in fluorescence over time. Fluorescence changes in the live treatments were converted to molar units using MUF and MCA standard solutions.
Results
A settling velocity minimum was observed for every aggregate in all three stratified tanks for each experiment. However, the extent of delayed settling behavior (as measured by the normalized minimum settling velocity, NMSV, and delayed settling time scale, DSTS) varied considerably among the aggregates even within an experiment and for the same density gradient (Table 4) . NMSV ranged from less than 0 (indicating the aggregate came to a full stop) to 0.72. The few slightly negative NMSV values observed here are within video recording noise, although we note that in some cases in previous studies (e.g., Abaid et al., 2004 and Lin, 2009 for solid particles; Prairie et al., 2013 for aggregates), particles have been observed to temporarily reverse direction at sharp density gradients. DSTS also displayed a large range among aggregates, spanning almost two orders of magnitude from 4.4 to 271.7. This variation in NMSV and DSTS can be attributed to the significant differences in size, shape, and density of the aggregates ( Fig. 1; Table 2 ).
Despite this variation, when considering all aggregate data collectively, DSTS was significantly different between each pair of tanks, with larger DSTS being associated with tanks with sharper density gradients (p b 0.05 using two-sample t-test). NMSV was found to be significantly lower for tanks with sharper density gradients, except no difference was found between Tank 2 and Tank 3.
When comparing the change in NMSV or DSTS from tank to tank for each individual aggregate, an even clearer pattern emerges. This change in settling behavior from Tank 1 to Tank 3 -decreasing NMSV and increasing DSTS -is shown for one of the aggregates in Figs. 3 and 4 . NMSV decreased for all 27 aggregates from Tank 1 to Tank 2 and decreased for 21 of the 27 aggregates from Tank 2 to Tank 3 (where density gradient increased in sharpness from Tank 1 to Tank 3; Fig. 5A, B) . For all but 2 of the aggregates that showed an increase in NMSV from Tank 2 to Tank 3, the aggregates already displayed an NMSV of ≤0, indicating that they came to a full stop at the density gradient. Similarly, DSTS increased for all 27 aggregates from Tank 1 to Tank 2 and increased for all but two of the aggregates from Tank 2 to Tank 3 (Fig. 5C, D) . These results suggest that as density gradients become sharper, the delayed settling behavior becomes more pronounced, with aggregates slowing down to a greater extent (smaller NMSV) and for a longer time (larger DSTS). Aggregate delayed settling behavior was also associated with normalized excess aggregate density, Δρ (Fig. 6) . NMSV was positively correlated with Δρ (p b 0.001), although the relationship is clearly not linear given that NMSV has an upper bound of 1 (Fig. 6A) . Likewise, DSTS was negatively correlated with Δρ ( Fig. 6B ; p b 0.001). Considering data from all three experiments collectively, the relationship between DSTS and Δρ is explained well by a fit of the form y = ax −1 with fit parameter value a = 29.2 (r 2 = 0.56) (Fig. 6B) . These observed trends suggest that a higher excess aggregate density will result in a smaller decrease in settling velocity when passing through a sharp density gradient, and with the slowdown occurring for a shorter period of time.
Relationships were also observed between delayed setting behavior and aggregate size. Fitting the data using linear least squares, NMSV was found to be significantly negatively correlated with ESD (p = 0.017), although the fit was quite weak (r 2 = 0.070; Measurements of microbial enzymatic activity taken during each experiment show that enzymatic activity on the aggregates (AGG) was greatly enhanced relative to the surrounding tank water (SW). In all three experiments and for all three substrates tested, leucine aminopeptidase activity was close to two orders of magnitude higher in the aggregates than in the surrounding water from which the aggregates were formed. Beta-and alpha-glucosidase activities were considerably lower than leucine aminopeptidase activities, but were also one to two orders of magnitude higher in the aggregates than in the surrounding water (Table 5) .
Averaging the enzyme activities for the three experiments (Table 5 ) yields a total enzyme activity of ca. 3.18 pmol monomer mL −1 aggregate
. This summed enzyme activity was coupled with the settling behavior of aggregates to determine the extent that delayed settling behavior can enhance hydrolytic activity around the density interface. We note that this calculation assumes that enzymatic activities are constant for suspended and for sinking aggregates, although microbial cells may react differently when attached to sinking vs suspended aggregates. For all three tanks, we calculated a "residence time" of the aggregates in the region of the density interface (chosen as a vertical span of 12 cm since this contained the entire region in which the aggregate's settling velocity was decreased). For the unstratified tank, a similar residence time was obtained by dividing the same vertical span by the aggregate's average settling velocity in the absence of a density gradient. Given this, the enzyme activity could be calculated for the time that the aggregate was in this 12 cm region around the density interface. For example, for Aggregate 10 in Experiment 2 (shown in Figs. 3 and 4) , the enzyme activity in the region of the density interface would be 44, 85, 443, and 805 pmol monomer mL −1 aggregate for the unstratified tank, Tank 1, Tank 2, and Tank 3, respectively. This represents an increase in enzyme activity at the density interface over the unstratified tank by a factor of 1.9 for Tank 1, 10.1 for Tank 2, and 18.4 for Tank 3. As a rough approximation, assuming a dissolved organic carbon (DOC) concentration of 80 μM at the density interface, which is equivalent to ca. 13 μmol of a six-carbon compound (and assuming the DOC was amenable to hydrolysis by these enzymes), an aggregate could hydrolyze 0.7% (Tank 1), 3.4% (Tank 2), and 6.2% (Tank 3) of total DOC in this area around the density interface under these conditions. In the unstratified tank, by comparison only 0.3% of DOC would be hydrolyzed at the same depth interval by the same aggregate. These calculations indicate that the potential for enzyme activity in the region of the density interface was greatly enhanced with increasing stratification (Fig. 8) .
Discussion

Trends and mechanisms for delayed settling
Our observations of marine snow settling across sharp density gradients help elucidate the manner in which density stratification and aggregate density and size affect delayed settling behavior, an important step to understanding this phenomenon in natural conditions and in a larger context. The results support previous studies showing that aggregates may decrease their settling velocity when passing through a density transition (Kindler et al., 2010; Camassa et al., 2013; Prairie et al., 2013) . The present study further examines the relationship between stratification and delayed settling behavior; individual aggregates were compared across multiple density gradients to isolate the effect of density gradient from the natural variation in aggregate size, shape, and composition. One source of error in comparing individual aggregate settling behavior across the three tanks is the potential retention of some excess salt in aggregates because of an insufficient soaking time in top layer fluid between tanks. However, if an aggregate retained excess salt (and thus had a higher initial aggregate density than the previous tank), the effects on observed delayed settling behavior would be lower DSTS and higher NMSV. This means that considering this source of error, the observed trends of increasing DSTS and decreasing NMSV with increasing density stratification would still hold; moreover, the actual potential increases in DSTS and decreases in NMSV between tanks could be more extreme than observed in our experiments.
The most striking predictor of delayed settling behavior was normalized excess aggregate density, Δρ. NMSV was positively correlated with Δρ and DSTS was negatively correlated with Δρ (Fig. 6) , indicating that, all other factors held constant, relatively denser aggregates will not decrease their settling velocity as dramatically when passing through density transitions. This trend is intuitive, but the observed relationships, particularly the power-law relationship between DSTS and Δρ, are important for predicting the nature of delayed settling behavior in the field.
This non-dimensional number, Δρ, is also useful as it provides insight into the underlying mechanism of the observed delayed settling behavior. As defined in Eq. (7), for an aggregate settling through a sharp density gradient, Δρ represents the extent to which the aggregate's density exceeds that of its surrounding top layer fluid relative to the density difference of the upcoming density transition. Assuming that the aggregate is always initially denser than the top layer fluid, Δρ is always positive. However, an important regime shift occurs at Δρ ¼ 1: a value less than 1 indicates that the aggregate is initially lighter than the density of the bottom layer fluid. In this regime, any delayed settling behavior must be at least partially controlled by diffusion-limited retention, since denser fluid must diffuse into the aggregate for it to have the chance to continue to settle . By contrast, when ΔρN1, the aggregate is initially denser than the bottom layer fluid, and so, although diffusion will still occur, no diffusion is necessary for the aggregate to continue to settle and the dominant mechanism for delayed settling is entrainment of lighter fluid . We may expect to be able to verify that diffusion-limited retention is the dominant mechanism in the regime where ΔρN1 based on the relationship of DSTS and aggregate size; theory predicts that delayed settling time should be a function of particle radius squared (Kindler et al., 2010; Prairie et al., 2013) . However, we do not see this expected relationship; this outcome can potentially be explained by the extremely non-spherical shapes of the aggregates (see below for full discussion of aggregate size and shape) and the fact that entrainment also plays a role in diffusion-limited retention . Although both mechanisms of delayed settling interact with one another and the fluid dynamics behind delayed settling can be quite complex (Camassa et al., 2013), these regimes provide a first-order way of identifying the potential dominant mechanism. As with Prairie et al. (2013) , both regimes were observed in this study, as indicated by the Δρ values for each aggregate in each tank in Table 2 . In fact, several aggregates switched regimes from entrainment dominated to diffusion-limited retention dominated as they moved from Tank 1 to Tank 3. The shift from the entrainment regime to the diffusion-limited retention regime usually accompanied a decrease in NMSV to near 0 and a large increase in DSTS, consistent with the observations of Prairie et al. (2013) . These delayed settling regimes also highlight marked differences between the three experiments: in Experiment 1 Δρb1 for all three tanks for most aggregates, while Δρ remained greater than 1 for all aggregates in Experiment 3. In Experiment 2, a mix of the two regimes was observed. It is interesting to note that, despite the fact that aggregate setting behavior in these two regimes may be controlled by very different mechanisms, no difference was observed in the relationship between DSTS and Δρ for the two regimes, as can be seen to the left and to the right of the dashed black line in Fig. 6C . That is, no significant change in the slope of the power-law relationship was found when fitting the data separately for the two regimes, although some caution should be taken as there is a significant amount of spread in the data.
Although delayed settling behavior was also associated with normalized aggregate size, ESD, the observed relationships were much weaker than those observed vs. normalized excess aggregate density, Δρ (Fig. 7) . Prairie et al. (2013) proposed that the relationship between delayed settling behavior and aggregate size will depend on the mechanism for delayed settling; DST should increase with aggregate size for diffusion-limited retention but decrease with aggregate size when entrainment is the dominant mechanism. However, fitting the data separately for the two regimes resulted in weaker fits and clearly differing patterns did not emerge (Fig. 7) . The trends that were observed for all the data collectively indicate that increasing aggregate size leads to lower NMSV and higher DSTS following the predictions of Prairie et al. (2013) for the diffusion-limited retention regime; this may be expected since aggregates in this regime have more extreme values of DSTS which would skew the overall data patterns. One potential explanation for the large scatter in the delayed settling behavior data vs. aggregate size is the effects of aggregate shape and composition (which varied significantly even within an experiment; Fig. 1 ). Although the manner in which aggregate shape specifically affects delayed settling behavior has not yet been investigated, previous research has indicated that the irregular shapes of aggregates do affect their settling velocity, since aggregate settling velocity is lower than equivalently sized spherical particles (Alldredge and Gotschalk, 1988) . Moreover, since aggregates have been shown to be fractal, we would not necessarily expect a regular scaling between aggregate settling properties and size (Logan and Wilkinson, 1990; Kilps et al., 1994) ; this point may also explain the power-law relationship observed between Δρ and delayed settling properties. Another factor to consider is the error associated with using the metric of equivalent spherical diameter as a proxy for aggregate size for aggregates that are very irregularly shaped. However, other metrics that were tried (such as maximum length) produced similar results.
Implications of results for natural field conditions
The results presented in this study demonstrate the effects of density gradient, aggregate density, and aggregate size on delayed settling ) and in the surrounding tank water (SW; pmol mL
) for each experiment (shown with ±standard deviation). Exp. 1 and 3 had n = 5 aggregates in n = 3 vials per substrate. Exp. 2 had n = 3 aggregates in n = 2 vials per substrate (see text for details). behavior of marine aggregates in a laboratory setting. Although many of the conditions in our experiments are different from those in the natural marine environment, our results provide insight into the manner in which aggregate settling may be affected by sharp density gradients in the field. In particular, by using non-dimensional aggregate properties and metrics of delayed settling behavior, our results can be directly applied to situations with conditions quite different from those in our experiments.
The two most important differences between our experiments and natural conditions are the facts that (i) the density gradients in our experiments are extremely sharp compared to those in most coastal environments and (ii) the aggregates made in the laboratory used for the experiments are much denser than those formed in most coastal diatom blooms (Shanks, 2002) . These two factors have opposite effects on aggregate delayed settling behavior; while the sharper density gradient results in higher DSTS, the higher density of the aggregates leads to decreased DSTS. To better understand the implications for delayed settling in natural coastal environments, we can estimate a reasonable value of normalized excess aggregate density, Δρ, from previous field studies on marine snow. Assuming other parameters are held constant, we should expect similar aggregate delayed settling behavior with equivalent values of this non-dimensional number, Δρ. In Alldredge et al. (2002) , a thin layer of large marine aggregates was observed at~5 m depth associated with a sharp halocline that represented a density change of~0.001 g cm −3 over~2 m vertical distance. Since aggregate density was not measured in Alldredge et al. (2002) , we used excess density (ρ a − ρ TL ) values of natural marine snow particles (0.00019 g cm −3 from Ploug et al., 1999 and Ploug et al., 2008) , estimating a value of Δρ ¼ 0:19. This is a reasonable value for marine snow particles settling through sharp density gradients in some coastal regions; it would fall on the lower end of aggregates observed in our experiments and would fall in the diffusion-limited retention regime of delayed settling. The relationship observed between DSTS and Δρ ( Fig. 6C) would predict DSTS N 146 in this scenario, indicating that the length of time for the aggregate to settle through the 2-meter density transition would be~147 times longer than if no density gradient were present. In dimensional terms, this means the aggregate would have a delayed settling time in the density transition of almost 3 days (using u TL = 100 m day −1 and z th = 2 m; Alldredge et al., 2002) , very similar to the upper range of residence times found by Kindler et al. (2010) . Although factors not considered in this study (such as interaction effects between setting particles and turbulence, which can erode density gradients) may make this 3-day delayed settling time unlikely, it is clear from this general analysis that the settling behavior and thus flux of aggregates in certain stratified coastal regions can be greatly affected by delayed settling through density interfaces. In fact, the aggregate thin layer observed in Alldredge et al. (2002) persisted for over 24 h. The trends observed in this study suggest that delayed settling is likely to be most important in cases where lighter, fluffy aggregates are settling through sharp density gradients, for example in estuarine environments. We also note that our experiments were conducted in density gradients caused by changes in salinity; the effects of delayed settling across temperature-driven density gradients will be much less significant since at room temperature heat diffusivity in water is about two orders of magnitude larger than that of salt. Thus, the example from Alldredge et al. (2002) discussed previously would not have had as strong a potential for delayed settling behavior if aggregates were settling across a thermocline.
Implications for biogeochemical cycling
Understanding aggregate settling behavior, even on small scales, is important given the role of aggregates in biogeochemical cycles. Aggregates not only often dominate carbon export (Kiørboe, 2001 ), but also are typically colonized by highly active microbial communities (Smith et al., 1992; Grossart et al., 2007; Ziervogel and Arnosti, 2008; Ziervogel et al., 2010) . In the present study, observations of aggregates settling across sharp density gradients coupled with measurements of microbial enzyme activities provide insight into the manner in which delayed settling behavior may ultimately affect the extent and location of organic matter remineralization in the water column. All enzymatic activities were one to two orders of magnitude higher on aggregates than in the surrounding tank water. These sinking 'packages' of organisms and enzymes can fuel remineralization of dissolved and particulate organic matter, including organic matter that may accumulate at density discontinuities, since the activities of extracellular enzymes initiate microbial remineralization of organic matter. Delayed settling behavior can therefore greatly enhance hydrolytic activity at the density interface. The calculations combining the observations of aggregate settling with the measured enzymatic activities demonstrate the manner in which stratification can increase the residence time of aggregates at a density interface, and thus the potential intensity of enzyme activities at depths with strong density gradients. These interactions could result in thin layers of dissolved organic matter, which have been observed in coastal waters (Chen et al., 2004) .
A further effect is illustrated schematically in Fig. 8 : the total extent as well as the distribution of enzyme activity changes under conditions of increasing stratification. As shown for Aggregate 10 from Experiment 2, aggregate 'residence time' and thus the potential for enzyme activity in the region of a density interface increased by up to a factor of 18.4 in the highest level of stratification over the unstratified tank. Assuming that enzyme activities remain constant during sinking and taking 58 cm as the height of the water column in each tank, the fraction of total enzyme activity occurring in the region of the density interface increases from 33% to 83% between Tanks 1 and 3 (Fig. 8) . Although aggregate settling occurs across much larger vertical scales in the ocean, increased stratification will likely have the same general effect of enhancing and redistributing microbial enzyme activity. Thus, high levels of microbial activities coupled with even modest decreases in settling velocity as aggregates pass through sharp density gradients in the surface ocean can lead to much higher total carbon remineralizationand nutrient regeneration -at shallower depths in the water column, potentially affecting CO 2 uptake by the oceans and nutrient return to surface waters.
The fraction of particulate organic carbon exported from the euphotic zone is in general quite low, typically ranging from 5 to 25%, but can vary significantly both temporally and spatially and is generally higher in coastal regions where there is a higher potential for delayed settling behavior (Buesseler, 1998; De La Rocha and Passow, 2007) .
To determine how delayed settling behavior may affect the export of carbon, we can consider the journey of a single marine snow particle through the upper water column. Assuming a 100 m deep euphotic zone and a reasonable range of sinking speeds from 50 to 100 m day −1 , a marine snow aggregate may take 1-2 days to settle out of the euphotic zone. However, the presence of a single sharp density gradient~2 m thick across which the aggregate displays delayed settling behavior can significantly increase this transport time. For example, if the aggregate decreases its settling velocity with a modest DSTS = 5, total transport time through the euphotic zone could be increased by 10%; with a more significant slowdown, using DSTS = 100, transport time could be increased by up to 200%. Given that a longer transport time provides more opportunity for microbial remineralization of organic carbon, delayed settling behavior has the potential to substantially reduce carbon export. Moreover, although our experiments investigate delayed settling behavior of individual aggregates, a flux of many aggregates through a density gradient can result in accumulations of aggregates in thin layers, which has been previously proposed as a mechanism for aggregate thin layer formation (MacIntyre et al., 1995; Alldredge et al., 2002; Prairie et al., 2013) . In these accumulations of aggregates in thin layers, microbial remineralization and zooplankton grazing can be further enhanced (Kiørboe, 2000; Menden-Deuer and Fredrickson, 2010) .
The results of this study demonstrate that delayed settling behavior across sharp density gradients can be important for marine snow particles in the lab as well as for those in the field in certain coastal regions. Although this phenomenon is likely restricted to sharply stratified regions such as estuarine environments, delayed settling of marine snow can have profound effects for local carbon cycling given the important role of marine snow in the biological pump. Thus in strongly stratified coastal regions, particularly after an aggregate formation event such as at the end of a phytoplankton bloom (e.g. Riebesell, 1991) , carbon export may be overestimated if small-scale aggregate settling behavior and vertical aggregate distributions are not considered. Further work coupling aggregate settling behavior and bacterial activity and studying delayed aggregate settling directly in the field will be important to understanding the importance of this phenomenon in the context of biogeochemical cycles in the natural environment.
